INTRODUCTION
============

The dynamic nature of chromatin structure ensures accessibility of the genetic information to trans-acting factors. A critical process in this regard is the disassembly/reassembly of nucleosomes manifest as the exchange of core histones into and out of chromatin ([@gks1451-B1]). However, many aspects regarding the extent of histone exchange and the factors that modulate this process remain undefined. A current model proposes that specific epigenetic marks designate regions of chromatin for more or less dynamic exposure of the underlying DNA. Transcriptionally active regions of the genome are associated with specific histone modifications, such as acetylation \[for review ([@gks1451-B2])\]. However, acetylation has little effect on the salt or thermal stability of individual nucleosomes and only marginally increases the probability of DNA unwrapping and exposure of internal sites in nucleosome DNA ([@gks1451-B3],[@gks1451-B4]). Characterization of the role of histone acetylation in transcription has led to the idea that this post-translational modification facilitates the binding of transcription activators containing bromo-domains with affinity for acetylated histone tails and also destabilizes repressive higher-order chromatin structures ([@gks1451-B5],[@gks1451-B6]). Although these studies provide a mechanistic link between histone acetylation and transcription, whether this modification is directly involved in targeting nucleosomes for disassembly/reassembly is unclear. Early analyses of the acetylation dynamics have shown a rapid turn over of the histone modification at active loci ([@gks1451-B7],[@gks1451-B8]). Interestingly, genome-wide mapping analyses of histone acetyltransferases (HATs) and histone deacetylases (HDACs) in primary human cells revealed that both activities are co-localized in the vicinity of active genes, rather than HATs associated with active and HDACs with inactive genes ([@gks1451-B9]). The co-localization of these antagonist enzymes is consistent with a high turn over of this histone modification associated with active genes ([@gks1451-B10],[@gks1451-B11]).

Nucleosome eviction and histone turn-over is also evident by replacement of canonical histones with histone variants. Mapping the sites of incorporation of the variant H3.3 within the genome shows an enrichment of this variant in vicinity of the regulator elements and across active genes ([@gks1451-B12],[@gks1451-B13]). Interestingly, H3.3 is enriched in post-translational modifications associated with transcriptionally active chromatin ([@gks1451-B14],[@gks1451-B15]). However, genetic depletion of this histone variant failed to exhibit a phenotype related to an alteration of transcription regulation ([@gks1451-B16],[@gks1451-B17]). Although the role of H3.3 in predisposing nucleosomes to turn over is unclear, histone variant-containing nucleosomes border nucleosome-free regions of transcription regulatory regions and H2AZ/H3.3-containing nucleosomes have been reported to exhibit a lower stability than canonical histones ([@gks1451-B18],[@gks1451-B19]).

To examine the role of histone acetylation in nucleosome disassembly/reassembly *in vivo*, we developed a novel single-cell biochemical approach that allows histone exchange to be assessed at specific times throughout the cell cycle. This approach exploits the natural synchrony of millions of nuclei within a single cell of *Physarum polycephalum*. We find nuclear histones are partitioned into two distinct histone pools, wherein exchange occurs between a chromatin pool representing the majority of the nuclear histones and a small unassembled histone pool. Using the unique ability of *Physarum* cells to internalize exogenous histone complexes, we show that the amount of histone within the unassembled histone pool affects the nucleosome exchange pattern, suggesting that the free pool is in dynamic equilibrium with chromatin proteins. Surprisingly, we found that during G~2~-phase acetylated H4 is preferentially located within the unassembled histone pool, with acetylation at lysines 8 and 16 preferentially appearing in the free pool. Moreover, we found that nucleosomes containing mimics of H4 acetylation are more rapidly displaced from chromatin than those containing unmodified H4. These results support a model wherein H4 acetylation signals prompt nucleosome disassembly and reassembly with histones from the unassembled histone pool.

MATERIALS AND METHODS
=====================

*Physarum* cultures
-------------------

*Physarum polycephalum* strain TU291 was maintained in liquid culture. Naturally synchronous macroplasmodia were prepared as previously described ([@gks1451-B20]). Onset of the second synchronous mitosis was determined by phase-contrast microscopy observations of small explants. All the experiments were carried out during the third synchronous cell cycle between M~2~ and M~3~.

Incorporation of exogenous proteins into macroplasmodia
-------------------------------------------------------

The histones used for the incorporation experiments were expressed in *Escherichia coli* BL21 transformed with pET3a plasmid bearing a gene encoding for Flag H4 (FH4), Flag H4-K4Q (FH4-K4Q) and H3-C110A. For all our experiments of incorporation, we used H3-C110A to ensure the absence of *in vitro* formation disulphide bridge between two H3s. The different histone complexes were purified as described ([@gks1451-B21]). Defined amounts of tagged H3/FH4 complexes were spread onto the upper cellular surface of macroplasmodia fragments at three time points throughout S-phase similarly to ([@gks1451-B22]). Time course experiments of nucleosome exchange were carried out using a single cell at least in duplicate. The cell fragments were harvested as depicted in the figures.

Analyses of the subnuclear fractions of histones
------------------------------------------------

The analyses of the subnuclear localization of histones were carried out on isolated nuclei prepared by percoll gradient as reported ([@gks1451-B21]). The suspensions of nuclei (50%, 20 μl) were incubated on ice for 30 min in 1 ml of phosphate-buffered saline (PBS) (control) and in 1 ml of PBS supplemented with 0.1% Triton X-100 and the salt concentration indicated in the figures. Chromatin-unbound histones were extracted by treating nuclei with 0.1% Triton to prevent salt-dependent destabilization of nucleoprotein complexes. The fractions were resolved in sodium dodecyl sulphate--polyacrylamide gel electrophoresis (SDS--PAGE) and analysed by western blotting with anti-H3 (Abcam), anti-H3.3 (Abcam), anti-Flag (Sigma) and anti-acetyl H4 (site specific or not) (Active Motif) antibodies as indicated in the figures. For the analyses of nucleosomes, nuclei were isolated, chromatin was digested with MNase followed by fractionation of 5--20% sucrose gradient as described ([@gks1451-B21],[@gks1451-B22]).

Chromatin immunoprecipitation and quantitative polymerase chain reaction
------------------------------------------------------------------------

For chromatin immuno-precipitation (ChIP) experiments, the cell fragments were incubated for 8 min in 1% formaldehyde to allow cross-linking. Nuclear fractions were prepared by homogenization in swelling buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 1% NP40), followed by centrifugation at 700 *g* for 5 min. The nuclear pellet was resuspended in 200 µl of lysis buffer (50 mM Tris--HCl, pH 8.0, 10 mM ethylenediaminetetraacetic acid, 1% SDS) and sonicated five times for 6 sec with 30% output in a Branson sonifier. Debris were pelleted by centrifugation at 13 000 *g* for 10 min, and chromatin was transferred into a new tube. ChIP analyses were carried out using M~2~ anti-Flag antibody coupled to agarose beads (Sigma). For anti-K27 methyl (Active Motif) ChIP, the immunocomplexes were purified with protein A/G magnetic beads (Ademtech). The ChIP experiments were performed at least in duplicate. The real-time polymerase chain reactions (PCRs) were performed using appropriate primer sets ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)) and Maxima SYBR green quantitative PCR (qPCR) master mix (Fermentas) according to manufacturer instructions and the opticon monitor 3 system (BioRad). For a given region, the value was calculated as the log2 of the ratio between the IP signal and the respective input DNA. Each PCR was performed in duplicate for each biological duplicate.

*In vitro* reconstitution of oligonucleosomes and analyses
----------------------------------------------------------

Oligonucleosome arrays containing wt H2A/H2B and increasing ratios of wt H3/H4 : H3/H4K4Q \[ratios: 100:0 (0% H3/H4KQ4), 80:20 (20%), 60:40 (40%), 40:60 (60%), 20:80 (80%), 0:100 (100%)\]---were reconstituted onto a 2.5 kb 5S 12mer DNA template via standard salt dialysis as described in ([@gks1451-B23]). Arrays were then incubated with increasing concentrations of MgCl~2~ at room temperature for 10 min then centrifuged at 12 500*g* in a benchtop centrifuge for 10 min. The resulting supernatants were then electrophoresed briefly on 0.8% SDS--agarose gels. The fraction of arrays in the supernatant was quantified and plotted versus MgCl~2~ concentration.

RESULTS
=======

Nuclear histones are partitioned into chromatin and unassembled pools
---------------------------------------------------------------------

Selective extraction of nuclei from asynchronous mammalian cell cultures indicates that a small fraction of nuclear histones exist within a soluble pool that is not assembled with DNA ([@gks1451-B24],[@gks1451-B25]). First, we wanted to determine whether a free pool of histones exists outside S-phase. We used cells of the slime mould *Physarum polycephalum*, which contain several million nuclei that proceed with complete synchrony throughout the cell cycle. Nuclei were isolated from a cell in G~2~-phase, and half of the nuclear pellet was extracted with PBS containing 0.1% Triton to solubilize nuclear proteins not assembled into chromatin, and the second half was incubated in PBS and used as control ([@gks1451-B26]) ([Figure 1](#gks1451-F1){ref-type="fig"}A). Western blotting analyses of the soluble fraction and nuclear pellet from the Triton-treated nuclei and the control revealed that a small fraction of total H3 was extracted from the nuclei by the detergent treatment, and thus resident with a pool of nuclear core histones not incorporated into chromatin in G~2~-phase. Interestingly, blotting with an anti-H3.3 antibody showed that a somewhat greater fraction of total H3.3 was present in the soluble pool \[note the antibody to H3.3 exhibited some cross-reactivity with bulk H3 ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1))\]. Similarly to the H3 data, we found that only a small fraction of nuclear histone H4 is present within the unincorporated pool ([Figure 1](#gks1451-F1){ref-type="fig"}A). In striking contrast, we observed that acetylated H4 was highly enriched in the soluble nuclear histone pool. Thus, consistent with higher eukaryotes, we find that the nuclear histones are partitioned into chromatin and unassembled pools during G~2~-phase of the cell cycle. Figure 1.Nuclear histone partitioning is experimentally manipulated by the incorporation of different amount of exogenous histones into *Physarum* macroplasmodia. (**A**) Endogenous *Physarum* nuclear histones are partitioned into a chromatin pool and an unassembled pool. Nuclei from fragments of a single *Physarum* macroplasmodium were incubated in PBS in presence of 0.1% Triton (+) and in absence of detergent (−). Nuclei (P) and supernatants (S/10) were analysed by SDS--PAGE (Stain) and western blotting using antibodies to H3 (αH3), to H3.3 (αH3.3\*) (note that this antibody also reacts with canonical H3; [Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)), to H4 (αH4) and to acetylated H4 (αAcet H4), respectively. (**B**) Exogenous histones internalized in S-phase are stably recovered in nuclei throughout the G~2~-phase. Exogenous H3/FH4 complex was spread onto a *Physarum* cell as depicted on the scheme. One hour after S-phase (Early, 1) and 30 min before mitosis (Late, 2), the cell fragments were harvested and fractionated. Cytoplasmic (Cytoplasm) and nuclear (Nuclei) fractions from control (C), 1 and 2, respectively, were resolved in SDS--PAGE (Stain) and analysed by western blotting with anti-Flag antibody (αFLAG). (**C**) Titration of exogenous histones internalized into *Physarum* nuclei. A range of concentration of H3/FH4 was incorporated into *Physarum* in S-phase as in (B). The nuclei were isolated by percoll gradient in early G~2~-phase and subjected to western blotting analyses with no further treatments. The immune reactions with anti-Flag antibodies were quantified with ImageQuant. The arrows point out the different concentration used in subsequent experiments, low, mid and high, respectively. (**D**) Partitioning of the exogenous histones within the two pools depends on the amount of exogenous H3/FH4 internalized during S-phase. Cell fragments were treated as in (B and C) with low amount (low) and high amount (High) of exogenous histones. Nuclei were isolated, analysed by SDS--PAGE and western blotted after different incubation in PBS, PBS + 0.1% Triton and PBS + 0.1% Triton + 1 M NaCl, respectively. (**E**) The assembly of the exogenous histones in chromatin was examined by conventional sucrose gradient purification of nucleosome prepared from nuclei digested with MNase. The nuclei and nucleosome fraction prepared from cell fragments treated with 'low' and 'high' amount of exogenous were analysed by SDS--PAGE and western blot.

We and others have previously established that the *Physarum* giant cell is capable of taking up exogenous proteins and using them in cellular metabolism ([@gks1451-B20],[@gks1451-B27]). Thus, we decided to take advantage of this ability to examine whether exchange between the chromatin-assembled histones and the free pool occurs, and the extent to which H4 acetylation influenced such exchange in G~2~-phase. It is well known that in *Physarum*, like other eukaryotes, the majority of histone synthesis occurs in S-phase, when replication of chromatin takes place ([@gks1451-B31],[@gks1451-B32]). We have demonstrated that H3/H4 complexes prepared from recombinant proteins and incorporated into *Physarum* cells during S-phase are rapidly transported into the nuclei and assembled in chromatin ([@gks1451-B22],[@gks1451-B33]). As a prelude to G~2~ exchange experiments, we thus wanted to determine the extent to which exogenous histones incorporated during S-phase persisted in the nuclear fraction during the subsequent G~2~-phase. Trace amounts of Flag-tagged exogenous canonical H3/H4 complex (H3/FH4) were incorporated into a cell throughout S-phase, to randomly integrate these proteins into the genome ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)), and the cell fragments were harvested in early G~2~-phase and in late G~2~-phase. To verify the cellular localization of the exogenous proteins throughout the G~2~-phase, the cell fragments were fractionated into cytoplasmic and nuclear fractions, and proteins were analysed by western blotting ([Figure 1](#gks1451-F1){ref-type="fig"}B). Clearly, the Flag-tagged exogenous histones were found only in the nuclear fractions and at a level that was unchanged throughout the 6 h G~2~-phase, demonstrating that the exogenous histones are not significantly degraded during this period.

Given that our experimental strategy relies on the incorporation of exogenous proteins into the cell rather than transgene expression, it is possible to precisely control the amount of exogenous histones introduced. Consequently, we examined whether the amount of exogenous H3/FH4 introduced into the cell affected the extent of incorporation into nuclei. Cell fragments were treated with different amounts of exogenous histones during S-phase; nuclei were isolated in early G~2~-phase; and the amount of exogenous Flag-tagged histone was determined by western blotting ([Figure 1](#gks1451-F1){ref-type="fig"}C). Interestingly, the total amount of exogenous histones per nucleus varied as a function of protein introduced, with a relationship described by two adjacent linear profiles with distinct slopes. These results revealed that although throughout the range of incorporation, the amount of exogenous histones was at trace levels \[\<1/1000 as estimated by comparing the total endogenous histone amount with the incorporated amount ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1))\], the quantity of histones spread onto the cell influenced the amount that accumulated in the nuclei. The biphasic behaviour may be related to the relative ratios of exogenous and endogenous cytoplasmic histones and the abundance of endogenous histone chaperones. Moreover, the inflection in the dependence curve implies that a threshold amount with regard to endogenous histone supply had been reached, possibly because of competition with endogenous cytoplasmic histones for chaperones. These results suggested that histone supply and demand in *Physarum* cell is as precisely balanced as it is in other organisms ([@gks1451-B25],[@gks1451-B34]).

Given our finding that the level of H3/FH4 within nuclei depends on the amount introduced into the cell, we next wanted to determine how the different amounts of incorporated exogenous histones were distributed into the chromatin and soluble nuclear histone pools in G~2~-phase. One half of a cell was incorporated in S-phase with a 'low' amount of exogenous H3/FH4, and the other was treated with a 'high' amount ([Figure 1](#gks1451-F1){ref-type="fig"}C), and nuclei were isolated in early G~2~-phase. One fraction of the nuclei was incubated in PBS as a control, a second was incubated in PBS with Triton to extract the histones in the free pool, and a third was incubated in PBS with Triton and 1 M NaCl to ensure the release of core histones that were not stably assembled into chromatin. The nuclear pellets were then analysed for the amount of exogenous histone remaining in the chromatin-associated nuclear fractions by western blotting ([Figure 1](#gks1451-F1){ref-type="fig"}D). Surprisingly, the exogenous histones from the two cell fragments exhibited different distributions at beginning of G~2~-phase. Although the exogenous histones from cells receiving the low amount of tagged H3/FH4 complex were primarily stably incorporated into chromatin and insensitive to detergent and salt extraction (∼85%), a much greater fraction of the Flag-tagged histones from cell fragments treated with the higher amount of exogenous histones was present in the labile, unassembled nuclear fraction. To confirm that the exogenous histones were assembled into nucleosomes, we prepared the nucleosomal fractions by MNase digestion and sucrose gradients. Analyses of the nuclei and nucleosome fractions revealed that, consistent with the previous analysis, the amount incorporated into nuclei depended on the amount of histones spread onto the cellular surface, and that exogenous histones were indeed assembled into nucleosomes ([Figure 1](#gks1451-F1){ref-type="fig"}E). Importantly, the comparative western blot revealed that regardless of the amount of exogenous histones (low or high) introduced into cells, similar quantities of exogenous histones were incorporated into chromatin ([Figure 1](#gks1451-F1){ref-type="fig"}E, right). These results suggest that the chromatin assembly machinery is saturated at lower amounts of histones than nuclear import and histone storage machineries. Therefore, the partitioning of the exogenous histones into the different nuclear histone pools was directly related to the amount of exogenous proteins introduced into the *Physarum* cell fragments.

Apparent exchange of exogenous histones in G~2~-phase is dependent on the amount of incorporation
-------------------------------------------------------------------------------------------------

Next, we examined the relationship between histones in the free nuclear pool and histone assembled into chromatin by monitoring the fate of exogenous histones introduced into *Physarum* cells in S-phase during the subsequent G~2~-phase. Given that incorporation of different amounts of exogenous histones led to distinct distributions of the tagged histones in the incorporated and free nuclear histone pools, we first monitored histones associated with specific DNA sequences by ChIP, using the 'low' amount of exogenous histone, as in these conditions the exogenous histones were almost entirely assembled into chromatin at the beginning of G~2~-phase ([Figure 2](#gks1451-F2){ref-type="fig"}A). To carry out these analyses, loci were chosen for their different representative chromatin structures and transcription regulation during the cell cycle ([@gks1451-B22],[@gks1451-B35],[@gks1451-B36]) ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1) and [B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)). The amount of tagged protein associated with the 5′-region, coding region and 3′-region of each locus at three time points during G~2~-phase was determined by ChIP and qPCR analyses ([Figure 2](#gks1451-F2){ref-type="fig"}B and [Supplementary Figure S3A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)). We found that exogenous H3/FH4 is rapidly displaced from chromatin. To verify that the loss of exogenous was caused by the exchange of nucleosomes rather than a simple eviction of the exogenous histones from chromatin, we examined the apparent exchange under conditions (mid and high) where incorporation resulted in exogenous proteins within both chromatin and free pools ([Figure 2](#gks1451-F2){ref-type="fig"}C and D). The ChIP analyses revealed that when exogenous histones are incorporated at levels corresponding to the inflection point ([Figure 1](#gks1451-F1){ref-type="fig"}C), almost no apparent exchange was detected, likely because of a relative balance between eviction of tagged proteins from chromatin and assembly of tagged proteins from the soluble pool into chromatin ([Figure 2](#gks1451-F2){ref-type="fig"}C, 'mid'). In contrast, when the highest amounts of exogenous histones were incorporated in S-phase, resulting in the greatest fraction of tagged histones within the free pool, the amount of tagged proteins associated with the loci actually increased over the course of the experiment, with the greatest increases in active loci ([Figure 2](#gks1451-F2){ref-type="fig"}C, 'high'). These results suggest that the exogenous histones were both evicted from and underwent replication-independent assembly into chromatin in G~2~-phase. Our findings support a model in which some fraction of bulk H3/H4 is in a constant flux between the assembled and unassembled pools in early G~2~-phase. Figure 2.The profile of nucleosome exchange depends on the amount of histones within the unassembled pool. (**A**) The scheme on the top represents the experimental diagram with the incorporation of exogenous histones at three time points throughout the S-phase and in the three concentrations defined in [Figure 1](#gks1451-F1){ref-type="fig"}C, low, mid, and high, respectively. The cell fragments were harvested in early G~2~-phase, and the association of exogenous histones with specific sequences was determined by ChIP/qPCR (see 'Materials and Methods' section) at three time points, T~0~, T~0~ + 30 min (T~1~) and T~0~ + 60 min (T~2~), respectively. (**B** and **C**) The different loci examined by ChIP are indicated on the left (*ArdC*: Actin; *ProP*: plasmodial profilin; *AltB*: α-tubulin; *ProA*: amoebal profilin), the relative transcription level and the chromatin structure (Eu: euchromatin and He: heterochromatin) were determined by reverse transcriptase--PCR ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)) and by methyl-K27 of H3 ChIP ([Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)), respectively. The exogenous histone recovery within the 5′-region (blue bars), coding region (red bars) and 3′-region (green bars) of each locus was determined for each incorporation condition and at the three time points in early G~2~-phase. The graphs plot the log2 of the ratio IP to input DNA, and the deviation was calculated for biological and PCR duplicates.

To determine whether the flux of histones into/out of chromatin persists later in G~2~-phase, low amounts of exogenous histones were incorporated in S-phase and histone exchange examined in late G~2~-phase and at the G~2~/M transition (1 h, 30 min and 5 min before mitosis, respectively) ([Figure 3](#gks1451-F3){ref-type="fig"}). Consistent with previous results ([@gks1451-B22]), we found that the amount of tagged histones associated with each locus examined remained at a constant level, indicating little or no apparent turn over of tagged histones in late G~2~-phase. However, ChIP experiments performed after the G~2~/M transition, which corresponds to the formation of mitotic chromosomes, revealed an increase in exogenous histones associated with the highly transcriptionally active ArdC locus, suggesting that in some regions an additional fraction of the unassembled histone pool is deposited into chromatin during mitotic chromosome formation, possibly to completely fill in nucleosome-depleted regions ([Figure 3](#gks1451-F3){ref-type="fig"}, T~2~; [Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)). It is likely that the newly assembled histones come from the nuclear free pool, as *Physarum* mitosis does not involve the complete disassembly of the nuclear envelope and incorporation of exogenous histones in S-phase does not result in detectable amounts of cytoplasmic histones ([Figure 1](#gks1451-F1){ref-type="fig"}B) ([@gks1451-B33]). Figure 3.Replication-independent nucleosome exchange is a homeostatic equilibrium between assembled and unassembled histone pools. The top scheme represents the experimental diagram of exogenous histone incorporation throughout the S-phase and the harvest of the cell fragments in late G~2~-phase and at G~2~/M transition point. The different loci (see the legend of [Figure 2](#gks1451-F2){ref-type="fig"}) and their relative transcription state in late G~2~-phase are indicated on the left. The ChIP analyses were carried out as in [Figure 2](#gks1451-F2){ref-type="fig"} at specific time points, T~0~ (mitosis −1 h), T~1~ (mitosis −30 min) and T~2~ (mitosis −5 min), respectively. The graphs plot the log2 of the ratio IP to input DNA, and the deviation was calculated for biological and PCR duplicates.

Acetylation stimulates histone exchange
---------------------------------------

As gene transcription correlates with histone acetylation, we asked whether this modification is associated with the observed histone exchange. We first determined the disposition of acetylated H4 within *Physarum* nuclei. Half a *Physarum* cell was treated with the 'low' amount of exogenous histones throughout the S-phase, whereas the other half was examined as an untreated control. In early G~2~-phase, nuclei from the two halves were isolated at ∼15 min beyond S/G~2~, and the amount of acetylated and unacetylated H4 was estimated by western blotting of purified nuclei and of nuclei subjected to Triton extraction to remove the free pool of histones ([Figure 4](#gks1451-F4){ref-type="fig"}A). These analyses allowed us to not only determine the nuclear distribution of H4 but also know whether the incorporation of exogenous histones affected the distribution. As expected, the vast majority of endogenous bulk H4 was assembled in chromatin and stable against Triton extraction ([Figure 4](#gks1451-F4){ref-type="fig"}A, H4 blot, compare lanes 1 and 3). Likewise, almost all of the Flag-tagged exogenous H4 was stably assembled into chromatin and insensitive to extraction with Triton ([Figure 4](#gks1451-F4){ref-type="fig"}A, lanes 2 and 4). We also found that in both cell fragments (exogenous histone-treated fragment and control fragment), the majority of endogenous acetylated H4 was extracted by Triton; therefore, it was primarily partitioned to the unassembled pool ([Figure 4](#gks1451-F4){ref-type="fig"}A, compare lanes 1 and 2 with 3 and 4), as revealed with an antibody that reacts with all forms of acetylated H4 ([@gks1451-B37]). Thus, these results showed that the incorporation of 'low' amounts of exogenous did not affect the distribution of endogenous histones. We then examined different sites of H4 acetylation using specific antisera. The results of the western blots revealed two distinct patterns of acetylated H4. We found H4 acetylated on K5 and K12 are stably associated within chromatin ([Figure 4](#gks1451-F4){ref-type="fig"}A, Ac K5 and Ac K12). In striking contrast, H4 acetylated at K8 and especially K16 showed a remarkable decrease after detergent treatment, suggesting these acetylated isoforms are preferentially partitioned to the soluble, unassembled pool (Ac K8 H4 and Ac K16 H4, compare lane 1, 2 and 3, 4). Figure 4.Chromosomal H4 acetylation enhances the nucleosome dynamics within euchromatin active loci. (**A**) Unassembled histone pool is enriched in acetylated H4. *Physarum* cell fragments were treated and untreated with exogenous histones (Exo H3/H4 +/−) as indicated and harvested in early G~2~-phase. Nuclei were purified and either loaded on SDS--PAGE directly or extracted with 0.1% Triton to remove the soluble pool of histones before loading (Triton −/+). The nuclear pellets were analysed by western blotting with anti-H4 (H4), anti-Flag (FLAG), antibodies recognizing any acetylated H4 (Acetyl H4) and individual anti-acetylated K5 H4 (Ac K5 H4), anti-acetylated K8 H4 (Ac K8 H4), anti-acetylated K12 H4 (Ac K8 H4) and anti-acetylated K16 H4 (Ac K16 H4) antibodies, respectively. (**B**) Alteration of the nucleosome exchange by the histone acetylation. The scheme represents the experimental diagram. The timing of incorporation of exogenous proteins and the harvests of cell fragments were identical to [Figure 2](#gks1451-F2){ref-type="fig"}, except for the butyrate treatment, 30 min before the end of the 3-h S-phase, the cell fragments were cultured in presence of 5 mM sodium butyrate. The ChIP experiments were carried out at least twice on a half cell treated with exogenous histones and corresponding to the experimental conditions, H3/FH4 + butyrate (Butyrate), H3/FH4-K4Q (FH4-K4Q) and H3/FH4-K5-12Q (FH4-K5-12Q), respectively, and the other half used as control and treated with H3/FH4. The regions analysed by ChIP are the same as in [Figures 2](#gks1451-F2){ref-type="fig"} and [3](#gks1451-F3){ref-type="fig"}. (**C**) Acetyl mimic did not induce a raise of chromatin acetylation. Chromatin from cells treated with H3/FH4 (H4) and H3/FH4-K4Q (H4-K4Q) during S-phase was prepared by MNase digestion. The soluble chromatin fractions were immunoprecipitated with anti-Flag antibodies coupled to agarose beads. The input (IN), bound (IP) and unbound (FT) fractions were analysed by western blot with a mix of anti-acetyl H4 (Acetyl H4) as in [Figure 4](#gks1451-F4){ref-type="fig"}A. (**D**) A threshold level of ∼30% acetylated H4 is required to alter salt-dependent chromatin condensation. Self-association assays were performed as described in the 'Materials and Methods' section on arrays reconstituted with increasing percents of H4-K4Q over native H4 and the results plotted.

To further examine the effect of acetylation on histone dynamics, cell fragments were spread with low amounts of exogenous H3/FH4 throughout S-phase, and half the fragments were cultured in presence of butyrate in late S-phase followed by ChIP and qPCR analyses in early G~2~-phase ([Figure 4](#gks1451-F4){ref-type="fig"}B). The HDAC inhibitor butyrate globally increased the level of histone acetylation of all nuclear histones (unassembled pool and chromatin pool) ([Supplementary Figure S3B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)). Interestingly, the amount of exogenous histones associated with specific chromatin loci in cells treated with butyrate was similar to that in control fragments, suggesting that butyrate-induced global acetylation did not significantly alter rates of histone exchange for all loci examined ([Figure 4](#gks1451-F4){ref-type="fig"}B, Butyrate).

We next asked whether levels of histone acetylation beyond that achievable by butyrate treatment can affect histone exchange by incorporating low amounts of exogenous histones containing K→Q substitutions as mimics of acetylation. We first incorporated H3/FH4 containing K→Q substitutions at residues 5 and 12, mimicking the highly conserved deposition pattern of acetylation ([@gks1451-B33],[@gks1451-B38]). Previous work showed this complex is efficiently assembled into *Physarum* chromatin when introduced during S-phase ([@gks1451-B33]). ChIP analyses revealed minimal exchange of nucleosomes containing the diacetylated H4 mimic compared with the unacetylated control in the active ArdC and ProP loci and no significant effect on exchange in the inactive loci. These results were consistent with the western blotting analyses of specific acetyl-lysines.

To test whether the exchange is dependent on acetylation at other sites in the H4 tail, we incorporated exogenous H3/FH4, wherein all four acetylable lysines at position 5, 8, 12 and 16 were substituted with glutamine. These histone complexes were efficiently assembled into chromatin during S-phase ([Supplementary Figure S3C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1451/-/DC1)). We found that chromatin-assembled H3/FH4-K4Q exhibited a significantly greater rate of exchange with the free pool than unacetylated H3/FH4 in early G~2~-phase, with the greatest levels of exchange occurring in the coding regions of the ProP, ArdC and AltB genes ([Figure 4](#gks1451-F4){ref-type="fig"}B, FH4-K4Q). Therefore, maximal levels of histone exchange are induced by H4 tetraacetylation, but not diacetylation at lysines 5 and 12, suggesting that nucleosome disassembly requires the modification of the four acetylable lysines of H4 or, minimally, acetylation at H4 lysines 8 and 16. Unfortunately, this hypothesis could not be directly tested, as previous work has shown that the FH4-K8Q/K16Q/H3 histone complex is not imported into *Physarum* nuclei (failure of nuclear import was also observed for the individual substitutions K8Q and K16Q, data not shown), possibly because of the inhibition of HAT1 acetylation of K5 and K12 ([@gks1451-B33],[@gks1451-B39]). Nevertheless, these results of incorporation of exogenous histones together with the partitioning of acetylated H4 into the nuclear pools ([Figure 4](#gks1451-F4){ref-type="fig"}A) strongly suggest an important role for the acetylation of H4 K8 and K16 in nucleosome eviction, as these modifications can occur independently *in vivo*.

To gain insight into the mechanism whereby acetylation increases histone exchange, we examined whether nucleosomes containing FH4-K4Q induced acetylation, and thus potentially altered the exchange of neighbouring nucleosomes. We immunoprecipitated oligonucleosomes from cell fragments treated with Flag-tagged wild-type H3/FH4 and H3/FH4-K4Q and examined by western blotting the histone acetylation within the oligonucleosomes ([Figure 4](#gks1451-F4){ref-type="fig"}C). We found that the acetylation status in chromatin surrounding the exogenous histone-containing nucleosome was unaffected by the exogenous FH4-K4Q ([Figure 4](#gks1451-F4){ref-type="fig"}C, compare IP lanes). Thus, we conclude that the incorporation of the exogenous acetylated H4 mimic does not induce recruitment of HATs to acetylate to nearby nucleosomes. To estimate local chromatin structure alterations induced by acetylated H4 mimic, we carried out chromatin condensation assays with reconstituted nucleosome arrays, wherein the range of H4-K4Q varied from 0 to 100% ([Figure 4](#gks1451-F4){ref-type="fig"}D) ([@gks1451-B23]). Interestingly, our *in vitro* analyses revealed that the presence of H4-K4Q diminished the folding of the array when the acetylated H4 mimic-containing nucleosome represented ∼30% of the nucleosomal array. This concentration was obviously higher than the possible concentration found in *Physarum* cells, as the exogenous/endogenous ratio of histones in our experiments was \<1/1000. These results suggest that acetylation-induced nucleosome exchange is not because of alteration of chromatin structure in regions where H4-K4Q is assembled into chromatin.

DISCUSSION
==========

In this work, we document a surprisingly rapid and wide-spread exchange of histones H3/H4 between nucleosomes and unassembled, free histone pools during early G~2~-phase and show that this exchange likely requires specific acetylation of H4. Histones acetylated at lysines 8 and 16 are preferentially located in the free pool and installation of acetylation mimics at these positions in H4 significantly enhances exchange of exogenous proteins. These results point to a model whereby specific H4 acetylation marks histones for rapid exchange out of nucleosomes as a mechanism for increasing accessibility of specific DNA sequences ([Figure 5](#gks1451-F5){ref-type="fig"}). Figure 5.Model of the acetylation-dependent nucleosome turn over. The model proposes that histone acetylation by HATs within euchromatin induces the displacement of the nucleosome from chromatin, making accessible the genetic information. The unassembled acetylated nucleosome might favour the recruitment of factors, like bromo-domain containing proteins ([@gks1451-B40]). The vicinity of HATs and HDACs reported by ([@gks1451-B9]) facilitates the histone deacetylation and the nucleosome recycling.

Like the distribution found in human cell cultures, our experiments show that *Physarum* nuclear histones are partitioned into two pools; the vast majority of nuclear histones are assembled into chromatin, whereas a small fraction exists in an unassembled pool ([Figures 1](#gks1451-F1){ref-type="fig"} and [4](#gks1451-F4){ref-type="fig"}A). These results are consistent with FRAP analyses of human cells wherein a subpopulation of H3 (\<16%) was found to diffuse freely ([@gks1451-B41]), and the finding of a small fraction of nuclear core histones is associated with chaperones and not assembled into chromatin ([@gks1451-B40],[@gks1451-B42],[@gks1451-B43]). Moreover, we find that despite introduction of trace quantities of exogenous histones, small increases in the amounts introduced into the cell result in the exogenous histones being preferentially partitioned to the unassembled nuclear pool. These results suggest that the amount of histone produced by the cell closely matches the capacity for assembly into chromatin during S-phase. Hence, a fine balance between histone supply and demand is maintained during S-phase ([@gks1451-B25],[@gks1451-B44],[@gks1451-B45]). Thus, we are able to control the amount of H3/FH4 in the free pool by modest increases in the amount of proteins applied to the cell during S-phase.

In absence of obvious degradation of the exogenous histones throughout the G~2~-phase, we observed that the apparent exchange in early G~2~-phase depended on the amounts of the exogenous histone introduced into the cells and their partitioning in the nucleus. Indeed, introduction of the lowest amount of exogenous histones we used, resulted in their near-complete assembly into chromatin during S-phase. In this case, we detected the eviction of chromatin-associated tagged proteins in early G~2~-phase. In contrast, when higher amounts of exogenous histones were introduced, a greater fraction was partitioned to the free pool, and the amount of tagged protein associated with chromatin actually increased during G~2~ under some conditions. These results suggest that the two pools of nuclear histones are in constant flux, and the apparent replication-independent exchange is affected by the amount of tagged histones available in the free pool. We previously observed rapid H2A/H2B dimer exchange associated with actively transcribed regions in *Physarum*, whereas H3/H4 exchanged with proteins in the free pool at much slower rate ([@gks1451-B22]). Thus, our finding that levels of H3/H4 associated with chromatin remain constant when 'mid' amounts of histones are introduced ([Figure 2](#gks1451-F2){ref-type="fig"}) may be because of equilibration of tagged exogenous protein between the two nuclear histone pools. This steady state may also be reached after extended periods when the constant flux of histone leads to the equilibrium of target histone within the two pools ([Figure 3](#gks1451-F3){ref-type="fig"}, T~0~ and T~1~). Alternatively exchange may be a more active and prevalent feature in early G~2~ ([Figure 2](#gks1451-F2){ref-type="fig"}). In this model, nucleosomes early G~2~ still retain deposition-related acetylation or are present in 'open' chromatin regions, more exposed to exchange machinery ([@gks1451-B46],[@gks1451-B47]), whereas mature chromatin in late G~2~ exhibits much lower levels of exchange ([Figure 3](#gks1451-F3){ref-type="fig"}).

Importantly, inspection of the acetylation state of nuclear proteins indicated that the vast excess of acetylated H4 was present within the Triton-extractable, free pool. As the pan-acetyl H4 antibody reacts most strongly with hyper-acetylated protein, we tested acetylation at individual sites with specific antibodies. Interestingly, we find that while acetylation at lysines 5 or 12 is associated with H4 stably assembled into chromatin, acetylation of lysines 8 and 16 is preferentially represented in the free histone pool ([Figure 4](#gks1451-F4){ref-type="fig"}A). These results are consistent with a role in chromatin assembly for H4 acetylated at lysines 5 and 12 ([@gks1451-B38]). Interestingly, in yeast substitution of H4 lysine 16 with arginine indicates a critical function in acetylation at this position in transcription of chromatin ([@gks1451-B48]). This H4 lysine 16 acetylation plays an important role in *Drosophila* dosage compensation, as this specific acetylation mark is concomitant with the RNA polymerase II recruitment ([@gks1451-B49]). In these experiments, the H4 acetylation has been examined by ChIP, which provides information on the location of the modification within the genome, but did not examine the relative abundance of the acetylation mark within the assembled and free pools of histones. Our analyses revealed that the lysine 16 acetylation of H4 is mainly found in the free pool, suggesting that this modification plays a key role in eviction of core histones. Consistently, it has shown that H4 acetylation at lysine 8 and 16 facilitates H2A/H2B dimer exchange, although in these experiments, H3/H4 tetramer displacement was not investigated and could also be exchanged ([@gks1451-B50]). Moreover, we find that installation of glutamine substitutions as mimics of acetylated lysine at all four positions of the H4-tail domain greatly stimulated the rate and extent of histone exchange compared with the native proteins, whereas H4-containing mimics of acetylation at K5 and K12 induced only low levels of exchange ([Figure 4](#gks1451-F4){ref-type="fig"}B). These results indicate that the stimulation in histone exchange observed with the tetraacetyl mimic is because of additional acetylation on K8 and/or K16 ([@gks1451-B40]). Together these results indicate that specific acetylation at K8/K16 within the H4 tail marks nucleosomes for rapid exchange. This model predicts that incorporation of a mutant H4 in which the four acetylable lysines are substituted for arginine would result in a protein that undergoes much less frequent exchange. Unfortunately, this hypothesis cannot be tested in our system, as H3/FH4 K5,8,12,16Q tetramers are not efficiently transported into *Physarum* nuclei and assembled into chromatin, likely because of the role of H4 K5,12 acetylation in these processes ([@gks1451-B33]).

It is well-established that transcription activity coincides with histone acetylation. Interestingly, our results showed that epigenetic marks of transcription, such as the histone variant H3.3 and acetylated H4, are preferentially recovered within the unassembled pool of histones ([Figures 1](#gks1451-F1){ref-type="fig"}A and [4](#gks1451-F4){ref-type="fig"}A). Moreover, HATs and HDACs are preferentially co-localized at active regions within yeast and human genomes ([@gks1451-B9]). Thus, we propose that a recycling mechanism occurs, wherein specific acetylation induces histone displacement, whereas rapid deacetylation occurs after re-deposition of histones into chromatin from the free pool ([Figure 5](#gks1451-F5){ref-type="fig"}). Recent genome-wide analyses in yeast and *Drosophila* revealed that histone acetylation promotes nucleosome turn over, suggesting that this model is likely conserved throughout eukaryotes ([@gks1451-B49],[@gks1451-B51]). It will be interesting to determine whether other reversible histone modifications within the nucleosome influence rates of nucleosome eviction and histone deposition.
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